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1 Introduction
The realization of high quality refractive microlenses is
well known and has been reported several times in the
past.1 Various fabrication techniques have been used to ob-
tain accurate surface-relief refractive microlenses. Well
known are direct writing techniques and graytone lithogra-
phy. In direct writing, a laser or an e-beam shapes the sur-
face of the microlens in photoresist.2,3 In the case of gray-
tone lithography, the photoresist layer is exposed by UV
light passing through a mask that has different graytone
densities over the surface.4 Another promising technique
for the fabrication of refractive microlenses is the so-called
melting resist or reflow method.5,6,7 Photoresist cylinders
are formed by photolithography and subsequent melting.
Surface tension forms plano-convex microlenses.8 Because
of the physical properties of the fabrication step, the pos-
sible geometry of the microlenses is limited. In addition, a
minimum photoresist volume is required to enable the for-
mation of a spherical surface. Thus, numerical apertures
~NA! of refractive microlenses realized by melting resist
technology are limited to NA.0.1.
Dry etching plays an important role in the fabrication of
micro-optical elements.9,10 The transfer of photoresist
structures into rigid materials, e.g., fused silica, shows sev-
eral advantages, such as the robustness of the elements and
the higher transmission at UV wavelengths. In addition, the
dry etching transfer step allows the modification and con-
trol of the dimensions and shapes of refractive microlenses.
A variable amplification or reduction of the vertical dimen-
sion of the structure is possible. Melting resist technology
combined with low selectivity etching present a big poten-
tial for the fabrication of low NA refractive microlenses.
This fabrication method reveals new domains of applica-
tions where the use of melting resist microlenses has been
limited up to now. Recent results on the realization of fused
silica refractive microlenses having low numerical aper-
tures are presented. We summarize the limitation of the
melting resist method with respect to the dimensions and
forms of the microlenses. Nonproportional transfer using
reactive ion etching is explained and commented. In par-
ticular, low selectivity etching is applied for the fabrication
2 Melting Resist Technology and Its Limitation
The most promising fabrication technique for refractive mi-
of low numerical aperture refractive microlenses in fused
silica.
which should be used foolenses in fused silica
crolenses is the so-called melting resist or reflow technol-
ogy. Photoresist cylinders are formed by lithography and
subsequent melting. Surface tension forms plano-convex
microlenses.8 Lithography into thick photoresist layers ~10
to 50 mm! is limited by diffraction to an aspect ratio of 4.
Thus, with the standard fabrication process, the gap be-
tween the lenses has to be larger than one quarter of the
thickness of the photoresist layer.
Another limitation is the contact angle at the rim of the
lens given by the materials ~lens and substrate!. Therefore,
the ratio between diameter and height of the microlens is
important to avoid a deformation of the microlens in the
center. For example, this ratio ~diameter/height! should be
less than 16 for a microlens of diameter 350 mm. Conse-
quently, the numerical aperture of refractive microlenses
realized by the melting resist technique is limited to values
higher than 0.1. For smaller NA, a dip occurs in the center
during the melting process.
The possible surface shape generated by the melting re-
sist process ~in the ideal case spherical! may differ from the
desired geometry of the microlens ~aspheric shape and low
NA!. Corrections are therefore required during the etching
process.
3 Nonproportional Transfer Using Reactive Ion
Etching
The transfer of photoresist micro-optical structures into
rigid materials such as glass, fused silica, or silicon is pos-
sible using reactive ion etching ~RIE!.7,9,10 In dry etching,
using RIE, atoms from the photoresist surface and the fused
silica substrate material are removed simultaneously by en-
ergetic ions until the shape is completely transferred into
the fused silica substrate. We work with an inductively
coupled plasma ~ICP! reactive ion etching system from
Surface Technology Systems Limited ~STS Ltd.!. By using
a fluorocarbon-based chemistry, standard selectivity be-
tween photoresist and fused silica ranging from 1.2 to 0.8
are obtained at etch rates around 300 nm/mn.11,12 With the
use of an adequate wafer cooling, pitting of the surface can
be avoided and the surface roughness measured with an
atomic force microscope is in the order of 3 nm ~RMS!.
The values mentioned before for the etch selectivity al-
low the modification of the initial surface shape to fabricate
aspheric lenses.12 However, this modification is not enough
to realize flat microlenses with NA,0.1. If we want to use
the melting resist technology, a much lower etching selec-
tivity between photoresist and fused silica is required. This
is possible by using a gas mixture composed of SF6 and O2.
We have obtained selectivity smaller than 0.1 by using a
gas mixture composed of SF6 and O2. Since the photoresist
plano-convex microlenses with a height of 31.5 mm for a
diameter of 300 mm present a good spherical shape, it is
used as a starting point for the transfer. The process param-
eters for the etching step are: platen power 250 W, coil
power 600 W, chamber pressure 3 mT, wafer temperature
20°C, the SF6 flow rate 3 sccm, and the amount of O2 was
reduced from 33 to 18 sccm over the whole process. This
y reference to this work
2Fig. 1 Surface profile and deviation from sphere of a photoresist plano-convex microlens (diameter
300 mm, height 31.5 mm), measured with a Mach-Zehnder interferometer.reduction of the amount of O2 in the gas mixture reduces
the selectivity between photoresist and fused silica, avoid-
ing the final fused silica microlenses to become too steep in
the rim region. The total etch process time was around 50
min. After processing, fused silica plano-convex refractive
microlenses with a diameter of 300 mm and a height of 3
mm have been obtained.
4 Characterization Methods
Various accurate measurement systems are available for the
characterization of micro-optical elements. However, ad-
equate and dedicated tools have to be used.7 At the differ-
ent stages of the fabrication process, inspections and mea-
surements take place. A first general visual inspection is
performed with a standard optical inspection microscope.
Eventual defects and overall aspect are observed. A me-
chanical stylus profilometer from Tencor is used to measure
various heights of the photoresist layer and the final height
of the microlenses. A mechanical stylus profilometer is an
accurate tool for the measurement of height differences in
microtechnology, but has poor performances for the mea-
surement of the lens shape because of the mechanical con-
tact of the stylus to the micro-optical structure during the
scan. Another problem is the size of the stylus. The rim
region of the microlenses cannot be inspected because the
stylus is in general much larger than the small gap betweenthe microlenses. For a more accurate measurement of the
microlens shape, interferometric inspection is applied.13,14
We used a Mach-Zehnder interferometer with a quantita-
tive phase evaluation based on phase shifting interferom-
etry. In the test arm of this interferometer, the microlens
under test is illuminated with an expanded plane wave from
a Helium-Neon laser (l5633 nm). The plano-convex mi-
crolens generates a spherical wavefront. This spherical
wavefront is recollimated using a high quality microscope
objective having very small aberrations. The superposition
of the plane waves of the reference and the test arm pro-
duces an interferogram that describes the aberrations of the
wavefront generated by the microlens. From the wavefront
deviations, it is possible to calculate precisely the surface
profile of the microlens. The Mach-Zehnder interferometer
is working in transmission. Special care has to be taken for
the measurement of photoresist microlenses because of the
eventual inhomogeneity of the refractive index. For the fi-
nal elements in fused silica, this effect is less important.
5 Results
Refractive cylindrical microlens arrays have been realized
in photoresist by using the melting resist technique. The
elements in photoresist have been analyzed by measuring
their profile with a Mach-Zehnder interferometer. The cor-
responding deviation from a perfect sphere has been calcu-Fig. 2 Surface profile and deviation from perfect sphere of a fused silica plano-convex microlens
(width 300 mm, height 3 mm), measured with a Mach-Zehnder interferometer.
3lated from the measured wavefront. Figure 1 shows the
surface profile and the deviation from the sphere of a pho-
toresist plano-convex microlens having a diameter of 300
mm and a height of 31.5 mm. The NA is 50.21.
From Fig. 1, it can be noticed that the maximum devia-
tion from the perfect sphere is in the order of 12 mm. The
measurement of the height of the photoresist microlenses
using a mechanical stylus profilometer revealed a homoge-
neity of 62% over the 75-mm round area of the microlens
array.
From this microlens array in photoresist (NA50.21),
low NA refractive microlenses have been realized in fused
silica by RIE. With the low selectivity etching process de-
scribed, we obtained microlenses with a final height of 3
mm. The resulting NA is 0.018. Figure 2 illustrates the
surface profile and the deviation from a perfect spherical
profile of the transferred fused silica element.
With the Mach-Zehnder interferometer, we measured a
maximum deviation from a perfect spherical profile of
20.17 mm.
6 Conclusion
We present the results of our work concerning the fabrica-
tion of fused silica microlenses with low NA. The original
photoresist element has been realized by the melting resist
technology and has then been transferred into fused silica
by reactive ion etching. Low selectivity etching has been
applied to realize the low NA microlenses. An etch selec-
tivity between photoresist and fused silica down to 0.1 has
been achieved by using SF6 and O2 gases. Refractive mi-
crolenses with NAs down to 0.018 have been obtained.
Smaller NAs are possible by using a lower concentration of
the SF6 gas. Low NA refractive microlenses are required
for Shack-Hartman wavefront sensor applications to in-
crease the sensitivity of the sensor. Of course, other micro-
fabrication methods ~laser beam writing and graytone li-
thography! allow the realization of this type of element, but
the melting technique yields a very well defined and
smooth surface profile. The measured surface roughness is
in the order of 3 nm ~RMS!. Reactive ion etching is anideal method to transfer, modify, and reduce the surface
profile of refractive microlenses. However, because of the
big amount of burned photoresist and the generation of a lot
of polymer material, this transfer process is rather dirty for
the etching chamber. Regular mechanical cleaning of the
system is required to ensure good quality and a reproduc-
ible process.
References
1. MicroOptics: Elements, Systems, and Applications, H. P. Herzig, Ed.,
Taylor & Francis, London ~1997!.
2. M. T. Gale, M. Rossi, J. Pedersen, and H. Schu¨tz, ‘‘Fabrication of
continuous-relief micro-optical elements by direct laser writing in
photoresist,’’ Opt. Eng. 33~11!, 3556–3566 ~1994!.
3. E.-B. Kley and O. Parriaux, ‘‘E-beam tandem writes short pitch DOEs
and gratings for EU-922 FOTA and other optical microsystems,’’
Proc. SPIE 2783, 146–153 ~1996!.
4. K. Reimer, U. Hofmann, M. Ju¨rss, W. Pilz, H. J. Quenzer, and B.
Wagner, ‘‘Fabrication of microrelief surfaces using a one-step lithog-
raphy process,’’ Proc. SPIE 3226, 2–10 ~1997!.
5. Z. D. Popovic, R. A. Spraque, and G. A. Neville-Connell, ‘‘Technique
for the monolithic fabrication of microlens arrays,’’ Appl. Opt. 27,
1281–1284 ~1988!.
6. D. Daly, R. F. Stevens, M. C. Hutley, and N. Davies, ‘‘The manufac-
ture of microlenses by melting photoresist,’’ Meas. Sci. Technol. 1,
759–766 ~1990!.
7. Ph. Nussbaum, R. Vo¨lkel, H. P. Herzig, M. Eisner, and S. Haselbeck,
‘‘Design, fabrication and testing of microlens arrays for sensors and
microsystems,’’ Pure Appl. Opt. 6, 617–636 ~1997!.
8. A. Schilling, R. Merz, C. Ossmann, and H. P. Herzig, ‘‘Surface pro-
files of reflow microlenses under the influence of surface tension and
gravity,’’ Opt. Eng. 39~8!, 2171–2176 ~2000!.
9. S. W. Pang, ‘‘Application of dry etching to microsensors, field emit-
ters, and optical devices,’’ in Handbook of Microlithography, Micro-
machining, and Microfabrication, Vol. 2: Micromachining and Mi-
crofabrication, pp. 99–152, P. Rai-Choudhury, Ed., SPIE Press,
Bellingham, WA ~1997!.
10. M. Eisner, S. Haselbeck, H. Schreiber, and J. Schwider, ‘‘Reactive
ion etching of microlens arrays into fused silica,’’ EOS Topical Meet-
ing Digest Series 2, 17–19 ~1993!.
11. J. K. Bhardwaj and H. Ashraf, ‘‘Advanced silicon etching using high
density plasmas,’’ Proc. SPIE 2639, 224–233 ~1995!.
12. Ph. Nussbaum, K. J. Weible, M. Rossi, and H. P. Herzig, ‘‘Potential
of dry etching for the fabrication of fused silica micro-optical ele-
ments,’’ Proc. SPIE 3879, 63–70 ~1999!.
13. J. Schwider, O. Falkensto¨rfer, H. Schreiber, A. Zo¨ller, and N. Streibl,
‘‘New compensation 4-phase algorithm for phase shifting interferom-
etry,’’ Opt. Eng. 32, 1883–1885 ~1993!.
14. J. Schwider and O. Falkensto¨rfer, ‘‘Twyman-Green interferometer for
testing microspheres,’’ Opt. Eng. 34, 2972–2975 ~1995!.
